Abstract-If a current transformer (CT) saturates while transforming the heavy primary current, in each period, there are sections when the magnetic core is unsaturated and transformation is correct, and when it is saturated, it causes enormous errors. The key to correct the errors is to detect instants of saturation and moments when the saturation ends. This paper presents simple and efficient methods of doing that. In addition, it shows the way how to predict up to three samples after saturation with the acceptable degree of accuracy, thus artificially expanding the unsaturated section. It may substantially facilitate operation of protective devices. The ultimate solution of the problem is to estimate the values of the fundamental frequency component amplitude and the decaying dc component in each period. This paper presents the method of doing that on the ground of four consecutive samples taken during the unsaturated section. If the primary current consists of the fundamental and dc exponential components only, the accuracy of the method is excellent. Neglecting contamination of the current signal with harmonics and noise, it is possible to reconstruct the CT primary current based on the measured values of fundamental and dc components.
I. INTRODUCTION

S
ATURATION of magnetic cores during transformation of heavy currents, particularly during transients, presents a big headache for protection engineers. It is so, because information about the state of the protected power system component, which is contained in the primary current, becomes distorted. It is evident if one looks at the typical primary and secondary current waveshapes during transient saturation of a current transformer (CT) after sudden current rise after time instant due to fault (Fig. 1) . The signals shown originate from Electromagnetic Transients Program-Alternate Transients Program (EMTP-ATP) simulations of a simple transmission system.
As one can observe, in each fundamental frequency period of the signal , there are two sections. During the first, the CT is not saturated; therefore, the transformation is correct (time in Fig. 1 ). During the second, the saturation of the core takes place and the transient error becomes enormous (time in Fig. 1 ). If the first section is long enough for the proper performance of the protective devices, the consequences of saturation are tolerable. It can be stated that CT saturation phenomenon may impair protection system reliability if appropriate algorithms for saturation detection and/or correction are not applied to eliminate the problem. Several approaches may be found in the literature to mitigate or eliminate the impact of CT saturation on protection operation. Among others, the following are the most valuable:
• determination of CT saturation based on normative recommendations [1] or CT model equations [2] ; • detection of CT saturation with the use of algorithmic methods (measurement of certain signal features) (e.g., [3] ); • use of artificial-intelligence techniques [including artificial neural networks (ANNs)] for CT saturation detection and compensation (e.g., [4] and [5] ). In this paper, the second approach based on short window signal analysis is studied. The most desirable way of correction would be the method which enables determining levels of the fundamental and dc components of the primary current on the ground of information contained in the secondary current during an unsaturated time span. The correction procedures are obtained with the following calculations steps:
Step 1) determination of the instant of saturation ( in Step 4) calculation of the fundamental and dc components on the ground of secondary current samples taken during sections of unsaturation;
Step 5) primary current reconstruction based on measured quantities. In Sections II-VII, specific algorithms for realizing the aforementioned tasks are described in detail. Accuracy analysis of the estimation algorithms is performed for the signals with dc offset of various decaying time constants.
II. DETERMINATION OF THE INSTANT OF SATURATION
The time of saturation may be determined by means of comparison of the predicted (estimated) value of the current sample and the real sample of the secondary current. If the secondary current sample is substantially smaller than the estimated value of the current , then one may conclude that the saturation took place some time between the samples and (see Fig. 2 ). To predict the sample , which is unknown, one has to use previous samples taken during the undistorted section. The simplest and, at the same time, least accurate method of estimation is based on the assumption that during the time between the samples and , the first derivative of the primary current is the same as in the previous sampling period between the samples and . This leads to the formula (see Appendix) (1) This is the same algorithm, which was presented in [3] and [6] . The accuracy of (1) is presented in Fig. 3 , in which the values of the primary current and the estimated current for various moments of estimation are compared. It has been assumed that the sampling period is 1 ms (20 samples per period) and the primary current contains high values of the dc offset.
The accuracy of estimation becomes much improved, if one assumes that during the sampling period between the samples and , the second derivative of the primary current is the same as it was during the sampling period between the samples and . This leads to the formula (see the Appendix) (2) Again, the formula is the same as known in the literature; however, it is derived in a different way. The accuracy of it is much improved. Further improvement of the estimation accuracy may be achieved, if one assumes that in the sampling period between the samples and , the third derivative of the primary current is the same as it was during the previous sampling period. This enables to derive the following formula (see Appendix):
Comparison of accuracies of the three methods for the sampling period is equal to 1 ms and the primary current that is (4) is presented in Fig. 4 . The estimation error is understood as a difference between the primary and estimated currents, with the amplitude of the fundamental frequency component being equal to 1.0. One may note that the accuracy of the second method (2) is quite good, while the accuracy of the third (3) is excellent (errors lower than 1%). However, the latter requires knowing four accurate values of the previous samples, while the former needs only three.
Regardless of the method of prediction of the next sample, the saturation is detected when the absolute value of the estimated sample becomes higher than the real measured sample (5) where is the value which takes into consideration the maximum error of estimation (see Fig. 4 ). If the sampling frequency is 1000 Hz and estimation is based on the first method (1), the level of ought to be about 0.12. If estimation is done by the second method (2), may be 0.04, while for the third method (3) equal to 0.02 becomes sufficient. If condition (5) is satisfied, it means that the th sample is the first in the saturated section.
III. ARTIFICIAL EXTENSION OF THE NONSATURATED SECTION
Small errors of estimation of the second (2) and third (3) methods suggest that the estimated samples-not only the first one-may expand the section during which the secondary current represents the primary one with small errors. If one estimates the second sample by means of the second method, then the formula becomes (6) If the calculation is based on the third method, the following formula holds:
The effect of the estimation of the second sample by the two methods is presented in Fig. 5 , while the errors are differences between the primary and the secondary currents in Fig. 6 . One can see that the third derivative approach gives excellent results, with the errors below 0.05 for the fully offset current with the amplitude of the fundamental component is equal to unity.
The very good accuracy of the third derivative approach suggests that this method may be used to estimate the value of the third sample. It would be done by means of the formula (8) If the primary current is given by (4), the approximation is as presented in Fig. 7 , and the error of approximation is in Fig. 8 . One may note that if the sampling period is comparatively long (1 ms), the accuracy is better than 0.15. Therefore, the unsaturated period may be extended by three samples. If the saturation occurred in the middle between the samples and , it means that the extension makes the unsaturated section longer by 2.5 ms with the power frequency of 50 Hz corresponding to 45 . The illustration of the unsaturated section expansion is presented in Fig. 9 . A sudden jump of the signal down (dashed line) results from the fact that the sample is not calculated anymore and should be reconstructed another way.
IV. DETERMINATION OF THE END OF SATURATION
The end of saturation may easily be determined based on the fact that between the beginning and the end of saturation, the integral of the CT secondary current must be equal to zero. It is so, because the increment of the flux during the section is zero (9) 
V. CALCULATION OF SHORT-CIRCUIT CURRENT COMPONENTS
Whatever the benefits of artificial expansion of the unsaturated period are, they do not provide full information about the levels of the primary current, namely, the fundamental frequency and the dc components. Therefore, an efficient algorithm, which enables calculating the components on the ground of the current samples taken during the unsaturated section of the secondary current, has been derived. Let In the same way, one may calculate and . Knowing the samples of the fundamental frequency component, one may easily calculate the amplitude . In fact, there are many algorithms which enable one to do that. One of the simplest is to use the value of the component and its first derivative in the middle between the samples and as shown in (22), at the bottom of the page. Fig. 11 shows results of the calculation of the fundamental frequency component amplitude and the dc exponentially decaying component on the ground of four consecutive samples taken from the offset primary current. results for the time constant ms are shown in Fig. 13 . For longer time constants, the accuracy is even better.
VI. PRIMARY CURRENT RECONSTRUCTION
If there is a need to reproduce the full waveshape of the primary current on the ground of the aforementioned calculations, one must start from estimation of the angle of . It is given by the formula (23) Therefore, the full corrected current during the saturation period becomes (24) for changing between 0 (for the first sample of the saturated section) and (the last sample of the saturated section).
The accuracy of the reproduction is presented in Figs. 14 and 15. The primary current was defined in the form (25) and it was assumed that the saturation occurred after 7 ms.
One may note that the reproduction is very good, and the longer the time constant is, the better the results are.
VII. INFLUENCE OF HIGHER HARMONICS AND SAMPLING RATE
In the high short-circuit currents, the amount of higher harmonics and oscillatory transient components is usually low, and some of them are removed by the antialiasing filters. However, in some cases, harmonics of a lower order may be present. Generators with electrically unsymmetrical rotors produce second harmonics in the short-circuit currents, which may be in order of some 10% of the fundamental harmonic level. Therefore, it is worthwhile to study the effect of that harmonic upon detection of the saturation instant and reproduction of the primary current waveshape.
In Figs. 16 and 17, the results of prediction of the second and third sample of the current signal by means of the methods expressed by (2) and (3) in case of the presence of 20% of the second harmonic are shown. The sampling rate and the primary current waveshape were the same as in the case presented in Fig. 3 . One may note that particularly the method derived with the assumption of a constant third derivative gives results with comparatively small errors. As one may expect, both algorithms perform with much higher errors when the estimation of the third sample is of interest (Fig. 17) . The application of the second derivative method for artificial expansion of the unsaturated region would bring high errors. The third derivative algorithm performs slightly better, but also its successful implementation is questionable.
Further studies have revealed that the prediction accuracy depends to a high extent on the sampling frequency. The estimation errors with all of the methods presented may be greatly re- duced when a higher sampling rate is applied, also for current signals containing some amount of higher harmonics. The results confirming the above are presented in Figs. 18 and 19 .
In general, one may conclude that the second harmonic does not cause substantial error in detecting the saturation instant as well and in the process of artificial expansion of the unsaturated region, especially when the third derivative algorithm is applied. Unfortunately, it is not the case in the process of reproduction of the short-circuit current according to (24). Higher harmonics introduce large errors. It is illustrated in Fig. 20 , which shows reproduction of the current waveshape when the short-circuit current contains 5% of the second harmonic. Increasing the sampling rate does not bring accuracy improvement in this case. The errors of primary current reconstruction are high and increase with time, here mainly due to overestimated amplitude (22). It is, however, consolating that the procedure of current reconstruction is run only for the period of CT saturation, which rarely lasts longer than 10 ms and, thus, higher reconstruction errors are avoided. 
VIII. CONCLUSION
Saturation of the CT core during the transformation of heavy currents is very likely, particularly if the primary current includes an exponentially decaying dc component. There are many methods for correcting the transient performance of CTs. Most of them need accurate detection of the instants of saturation and the moments, when saturation ends, in each period of the fundamental frequency. The methods of doing that presented in this paper are simple, efficient, and accurate. They are based on the assumptions that either the first, second, or the third derivative of the secondary current from the previous sampling period may be taken to predict the value of the next sample. If the absolute value of predicted sample is bigger then the measured one, it shows that saturation began. One may note that when more samples of the secondary current are taken during the unsaturated section, the more accurate the method of predicting the values becomes for the next samples after saturation.
The method which is based on the constant value of the third derivative is so accurate that it enables predicting up to three following current samples with an acceptable degree of accuracy. Therefore, the unsaturated section may be artificially extended by three samples. If the sampling frequency is 1000 Hz, it means that the extension is equal to 54 . This may be sufficient for proper performance of many protective relays.
Calculation of the amplitude of fundamental frequency component and the decaying dc component on the ground of information contained in the unsaturated section of the secondary current is of particular interest. This paper shows that four consecutive samples of the secondary current taken from the unsaturated section of the current are sufficient to calculate the amplitude of the fundamental frequency component and the decaying dc component. If the primary current consists of the fundamental frequency component and the decaying dc component only, the accuracy of calculation is very good. Therefore, the algorithm may successfully be used for the correction of transient performance of the CTs processing the signals for digital protective relays.
High reconstruction accuracy of the saturated CT secondary current is attainable when the CT primary current does not contain many higher harmonics. It was shown that the presence of the second harmonic in the short-circuit current, which may occur when generators with unsymmetrical rotors supply the current, is a source of some errors but does not affect detection of the moment of saturation much. Unfortunately, the effect of harmonics on reproduction of the primary current is much more significant. The above may be avoided (errors minimized) by utilizing the current samples from an unsaturated time span from two consecutive signal cycles, as proposed in [7] . However, it is obvious that with such an approach, better results are obtained at the cost of a one-cycle delay. Additional errors of the primary signal reconstruction with algorithm [7] may arise if one considers suppressing the current fundamental component with time after fault (subtransient effects) that are avoided to some extent with the use of the formulae presented in this paper.
It is to be mentioned that the algorithms presented in this paper will, of course, react in case to any sudden changes in current (e.g., due to a load change). Additional conditions for saturation detection need to be checked before the primary current reconstruction is done. 
